Trials of isoniazid preventive therapy (IPT) for people living with HIV in southern Africa have shown high rates of tuberculosis disease immediately after cessation of therapy. This could be due to the lack of cure following preventive therapy or reinfection with rapid progression to disease. Using a model fitted to trial data, we estimate the degree to which preventive therapies cure latent Mycobacterium tuberculosis infection in HIV-infected individuals in high-tuberculosis-burden settings. We identified randomized controlled trials that compared IPT to placebo or alternative regimen in HIV-positive, tuberculin skin test positive individuals. A mathematical model describing tuberculosis transmission in a closed cohort of HIV-positive, M. tuberculosis infected, antiretroviral therapy naive individuals following completion of preventive therapy (or placebo) was fitted to posttherapy tuberculosis rates to estimate the annual risk of M. tuberculosis reinfection and the proportion of individuals whose latent infection was cured after therapy. Three trials met our inclusion criteria. Estimated annual risks of reinfection ranged between 3.7 and 4.9%. Our results suggest 6 mo of isoniazid cured in a small proportion [estimated proportion cured = 0% (interquartile range 0-30.9%)]. The proportion cured for 3-mo regimens containing rifampicin or rifapentine was 19-100%. IPT alone does not cure existing infections in the majority of HIV-infected individuals. In high-incidence settings, continuous IPT should be integrated with HIV care. Where the risk of reinfection is lower, preventive therapy with more curative drugs should be preferred for HIV-positive individuals to achieve durable patient benefit.
Trials of isoniazid preventive therapy (IPT) for people living with HIV in southern Africa have shown high rates of tuberculosis disease immediately after cessation of therapy. This could be due to the lack of cure following preventive therapy or reinfection with rapid progression to disease. Using a model fitted to trial data, we estimate the degree to which preventive therapies cure latent Mycobacterium tuberculosis infection in HIV-infected individuals in high-tuberculosis-burden settings. We identified randomized controlled trials that compared IPT to placebo or alternative regimen in HIV-positive, tuberculin skin test positive individuals. A mathematical model describing tuberculosis transmission in a closed cohort of HIV-positive, M. tuberculosis infected, antiretroviral therapy naive individuals following completion of preventive therapy (or placebo) was fitted to posttherapy tuberculosis rates to estimate the annual risk of M. tuberculosis reinfection and the proportion of individuals whose latent infection was cured after therapy. Three trials met our inclusion criteria. Estimated annual risks of reinfection ranged between 3.7 and 4.9%. Our results suggest 6 mo of isoniazid cured in a small proportion [estimated proportion cured = 0% (interquartile range 0-30.9%)]. The proportion cured for 3-mo regimens containing rifampicin or rifapentine was 19-100%. IPT alone does not cure existing infections in the majority of HIV-infected individuals. In high-incidence settings, continuous IPT should be integrated with HIV care. Where the risk of reinfection is lower, preventive therapy with more curative drugs should be preferred for HIV-positive individuals to achieve durable patient benefit. I soniazid preventive therapy (IPT) is an important part of tuberculosis (TB) prevention in high-HIV-prevalent settings (1) and has been shown to provide protection against TB disease in HIV-positive patients during therapy (2) . The effect is most clearly seen in individuals with presumed Mycobacterium tuberculosis infection, as indicated by a positive tuberculin skin test (TST) (2, 3) . However, long-term follow-up of TB-preventive therapy trials set in sub-Saharan Africa have shown high rates of TB post IPT (2, (4) (5) (6) (7) (8) , and the results of the recently published Thibela study (9) showed a rapid loss of protection following completion of IPT. It is unclear what drives this lack of durable protection from TB disease.
Following infection or reinfection with M. tuberculosis an individual can progress rapidly to disease (i.e., within the first 1-5 y), or the infection can be contained and the individual remains at a continuous, albeit low risk of active TB disease (10) .
In individuals with M. tuberculosis infections, TB disease postpreventive therapy can therefore follow from one of two mechanisms; acquisition of new infections which can then progress to disease (reinfection disease) or reactivation of a persisting infection (reactivation disease).
If preventive therapy "cures" an existing M. tuberculosis infection (defined here as preventing subsequent disease from that infection), then these cured patients must first be reinfected before they can be at risk for developing TB disease. If preventive therapy does not cure, all noncured patients will immediately be at risk for developing TB disease through reactivation of their M. tuberculosis infection in addition to the risk of disease following reinfection. The latter scenario, where IPT does not cure latent M. tuberculosis infections (LTBI) in this population, could explain the high TB rates observed immediately post IPT (2, (4) (5) (6) (7) (8) .
Understanding the extent to which preventive therapy cures M. tuberculosis infection in HIV-positive individuals is critical for any valid estimation of potential individual and population-level posttherapy benefits in high-HIV-prevalence countries. Although the curative ability of preventive regimens may depend on immune status of the individual, and therefore be affected by antiretroviral therapy (ART) cotherapy, it is important to quantify the impact of IPT for a clear assessment of the biological mechanism. In addition, ART is still not available for many HIV-positive individuals, for whom the results of this analysis will be directly relevant.
In this paper we use a model, fitted to trial data, to estimate the proportion of LTBI cured by preventive therapies in HIV-positive, TST-positive individuals not taking ART in high-tuberculosisburden settings.
Methods
Data Extraction. We searched the literature for trials on TB-preventive therapy. Eligible studies published before April 2008 were selected from a Cochrane systematic review (2) . Medline was searched for trials published between April 2008 and December 15, 2012, using a modified version of the Cochrane literature search [HIV AND (tuberculosis OR TB)] AND (preventive therapy OR chemoprophylaxis OR treatments) including trials and reviews.
Significance
Isoniazid preventive therapy (IPT) is a key tuberculosis prevention strategy in high-HIV-prevalent settings. While randomized controlled trials have shown IPT provides protection against tuberculosis disease in HIV-positive patients during therapy, protection was quickly lost after cessation of therapy. It was not known whether this loss of protection is due to reinfection and rapid progression to disease, or lack of cure. Using mathematical modeling, fitted to trial data, we show IPT does not cure Mycobacterium tuberculosis infection in the majority of HIVinfected individuals. These results contrast with long-held beliefs about the working mechanism of IPT, but explain the empirical results. These results are important for determining appropriate clinical guidelines for IPT use in varying epidemiological settings. To whom correspondence should be addressed. E-mail: Rein.Houben@lshtm.ac.uk. Studies were included if they were set in sub-Saharan Africa (as a proxy for generalized TB and HIV epidemics), reported at least 2 y of postpreventive therapy TB incidence in a HIV-positive TST-positive population not taking ART, and compared a preventive therapy regimen versus placebo or at least one alternative regimen.
For each selected study, the relevant figure was identified. Using graph digitizer software (GraphDigitizerScout, www.bytescout.com), data on the TB-free survival or cumulative hazard curves were extracted. For nonplacebo arms, we wished to explore the impact of preventive therapy on the TB dynamics following the completion of therapy. To minimize bias we included data from the entire trial period in the placebo arms but only data from the posttreatment period from the intervention arm(s). We account for potential differences in CD4 counts between arms by explicitly including a previously parameterized time-dependent model of decline in CD4 (11, 12) . This approach minimizes bias due to the differential risk of TB between the trial arms during the intervention period which could not be directly adjusted for, because we did not have access to the individual-level data.
A 95% confidence interval for the TB incidence rate during each year was calculated as ±rate/exp(1.96/√number of events) (13) . The number of events was extracted by multiplying the total person years in the given period by the proportion of the population at risk that developed TB.
Model Structure. A simple deterministic compartmental model was created to reflect a closed cohort of individuals during and after TB-preventive therapy ( Fig. 1) .
The model describes M. tuberculosis infection and TB disease dynamics in a closed population of TST-positive individuals following a course of preventive therapy. We assume that in these populations a positive TST result is an indicator of M. tuberculosis infection and therefore assume that at the start of the intervention all individuals are latently infected with M. tuberculosis. This is consistent with a systematic literature review which estimated the specificity of TST to be 97% (95-99%) in nonbacillus Calmette-Guérin-vaccinated populations (14) , and evidence that the effect of bacillus CalmetteGuérin vaccination in infancy on false-positive TST results is minimal beyond adolescence (15) . We assume following isoniazid or other preventive therapy a proportion p are cured and enter a cured class (C ) ( Tables 1 and 2) . These individuals can then only develop TB disease if they are reinfected with M. tuberculosis (at an annual risk of reinfection, λ). We assume those who do not cure their infection (1 − p) enter a latently infected class (L) and remain at risk for TB reactivation disease.
We assume latently infected individuals can develop TB through reactivation of their LTBI at rate d L . Reinfected individuals are assumed to enter a recent reinfection class (R i ) (defined as reinfection in the past 2 y) that is stratified by time since infection (i) and can progress to reinfection disease at rate d Ri . Following convention (16, 17) , the risk of progressing to disease following reinfection is initially high but declines quickly with time since infection from a maximum value d Ri = 1 at reinfection to d L upon return to the latent class L. The estimates of the risk of disease following infection used here are based on modeling studies of data from the United Kingdom. To account for the uncertainty in these estimates and potential differences in the risk of disease between the United Kingdom and the trial settings, we performed sensitivity analysis to explore the robustness of our results to these parameter values.
In HIV-infected individuals, the risk of developing TB is assumed to increase with decreasing CD4 count. Following Williams et al. (11) we assume that upon infection with HIV, an individual's CD4 count falls by 25% and then declines linearly to zero at the time of death in the absence of ART. The relative risk of TB following reinfection (RR R ) increases exponentially with decreasing CD4 cell count at a rate α = 0.36 ± 0.12 for each decline of 100 cells/μL (SI Appendix provides further details). Including a CD4-dependent risk of TB allows us to include potential differences in CD4 counts between arms.
Data also suggest that HIV infection increases the risk of (re)infection disease more than reactivation disease (18) (19) (20) (21) . From a molecular epidemiological study exploring the impact of HIV on TB following reinfection with M. tuberculosis in a setting with generalized HIV and TB epidemics, the ratio of RR R to the relative risk of reactivation (RR L ) was estimated at roughly 3:1 (19) . The impact of variation in this parameter was explored in sensitivity analysis. Full details of the model are given in the SI Appendix. Default parameter values and uncertainty ranges are shown in Tables 1 and 2 .
Parameter Estimation. The cumulative incidence predicted by the model was fitted to the cumulative incidence data from each of the TB-preventive therapy trials to estimate the unknown model parameters: the annual risk of M. tuberculosis reinfection (λ) and the proportion of the population whose LTBI was cured by each regimen (p). The former determines the rate of "reinfection" TB disease, and the latter determines the proportion of the cohort at risk for reactivation TB disease immediately postpreventive therapy (1 − p). Fitting was carried out using the "optim" function of the R statistical programming language (22) to minimize the sum of squared residuals between the model and the data.
For placebo-controlled trials, the model was fitted to data from the placebo and intervention arms simultaneously to estimate the annual risk of reinfection in the trial population and the proportion cured for each regimen. This approach makes two assumptions. First, the placebo did not cure LTBI and therefore the proportion cured in the placebo arm could be fixed to zero. Second, given the individual-level randomization in the trial, participants in each arm of the trial would experience the same annual risks of infection.
To allow further validation of the TB epidemiology predicted by the model, we calculated the proportion of disease due to recent transmission. Based on molecular epidemiological studies from sub-Saharan settings (23, 24) , we would expect at least 50% of cases to be due to recent transmission in the past 2 y, i.e., following recent (re)infection.
For trials without a placebo arm the above approach was not possible. Instead we used the model to estimate the annual risk of infection in each intervention arm for a range of assumed values for the proportion cured (p). We did this by fitting the model for each intervention arm separately to the observed incidence for each assumed value of the proportion cured. We then made two more assumptions to estimate a proportion cured for each therapy arm: (i) As in placebo-controlled trials, all participants will experience the same annual risk of reinfection, regardless of trial arm. (ii) The proportion cured in the isoniazid group would be similar to the value we estimated for the isoniazid group in the placebo-controlled trials (as above). These two assumptions allowed us to estimate the annual risk of reinfection Variables are proportions of total population. for the isoniazid arm and then estimate the value of the proportion cured for the alternative preventive therapy arm(s).
Sensitivity Analysis. We explored the robustness of the model predictions to the uncertainty in both the parameter values and trial data using a combination of a parametric bootstrap procedure with probabilistic sensitivity analysis (25) . Sets of parameter values were sampled from appropriate distributions selected to reflect the uncertainty in estimates in the literature (Table 2 ) and combined with incidence values drawn from the 95% confidence intervals calculated from the trial data. The model was fitted for each combination of parameters and data to estimate the annual risk of infection (ARI) and proportion cured. The number of model fits was not defined a priori; rather, the process was repeated for sufficient combinations of parameters and data to obtain 2,000 model outputs for which 50% or more of all TB disease was due to recent transmission. Results are reported as the median and interquartile range calculated from these 2,000 samples and reflect the uncertainty in the model outputs due to uncertainty in the empirically observed TB incidence and the model parameters.
To assess the sensitivity of the parameter estimates to our assumption about the proportion of disease due to reinfection the analysis was repeated with a lower constraint of 20%. The results of a probabilistic sensitivity analysis can also be influenced by the choice of parameter distributions; therefore we explored the impact of our choice of parameter distributions by repeating our analysis with alternative uncertainty distributions, which did not affect our conclusions (SI Appendix provides details).
An alternative model for the action of isoniazid is to reduce the risk of reactivation in the whole population rather than cure latent TB infection in some proportion of individuals, i.e., analogous to assuming a "degree" vaccine effect rather than a "take" vaccine effect. The sensitivity of our results to this alternative biological model was explored using a modified model structure, details of which are provided in the SI Appendix.
Results
Study Selection. Out of 14 trials identified in the Cochrane review, two studies met our criteria (4, 5) . The Medline search identified 954 papers, from which 15 reported results from prospective studies on TB-preventive therapy, and one met our inclusion criteria (6). In total, three studies were included in the analysis, two placebo-controlled set in Nairobi (Kenya) and Kampala (Uganda) as well as one non-placebo-controlled trial set in Soweto (South Africa), all areas with expected high rates of ongoing M. tuberculosis transmission in the general population (4-6).
Overall these trials evaluated 3,118 HIV-positive, TST-positive participants (Table 3) in eight groups. Apart from two placebo groups, three groups received 6 mo of isoniazid only, two groups received 3 mo or 12 wk of a rifampicin-containing regimen, and one group received 12 wk of a rifapentine-containing regimen. In the Nairobi and Kampala studies, ART was not available, and in the Soweto study all participants were ARTnaive at inclusion, and less than 10% of follow-up time was spent on ART.
Placebo-Controlled Trials-Proportion Cured. Table 4 summarizes the model results for the placebo-controlled trials. Median and interquartile ranges are calculated from the sensitivity analysis as described above. The distributions of the estimated parameters are shown in the SI Appendix, Fig. S3 .
In the Nairobi trial, the estimated annual risk of reinfection was 4.9% (3.0-12.2%), and 6 mo of daily IPT cured 0% (0-0%) of study participants, assuming the percentage of disease due to recent transmission exceeds 50%. For the Kampala trial, the estimated annual risk of infection was 3.7% (2.9-5.1%); IPT cured 0% (0-30.9%) of study participants; 3-mo regimens containing rifampicin cured 100% (95.0-100%) of study participants.
The proportion of TB disease due to reactivation of uncured latent infections following 6 mo of IPT was estimated to be 30.8% (17.3-46. 3) in the Nairobi study and 22.7% (8.6-40.1) in the Kampala study. For rifampicin-containing regimens the estimated proportion of disease due to reactivation was much smaller [0.5% (0.4-1.0)], consistent with the higher estimated proportion cured by these regimens.
When the constraint on the percentage of disease due to recent transmission was relaxed (percentage of disease due to recent transmission exceeds 20%), the model estimated that IPT cured 0% (0-0%) of infections in the Nairobi trial and 14.2% (0-33.6%) of infections in the Kampala study. The results were also robust to the form of the parameter distributions used in the sensitivity analysis (SI Appendix).
When the impact of preventive therapy was modeled as reducing the risk of reactivation in all individuals (i.e., analogous to assuming a degree rather than take vaccine effect) we obtain a similar result-in both trials the median estimated level of protection provided by isoniazid was 0.0.
Non-Placebo-Controlled Trials. Fig. 2 shows the estimated ARI for each arm in the Soweto trial (6) as the proportion cured (p) is varied. The horizontal dashed line shows the ARI in the population when we assume that isoniazid does not clear latent infection (i.e., p = 0). The vertical dashed lines show the cure rates in the rifampicin and rifapentine arms, respectively, assuming that all arms experienced this same ARI. The model estimates the annual risk of infection is 3.6% if isoniazid does not clear latent infection. Given this ARI, isoniazid plus rifampicin is estimated to cure 19% of M. tuberculosis infections and isoniazid plus rifapentine is estimated to clear 28% of M. tuberculosis infections.
Discussion
Our results suggest that in HIV-positive, ART-naive individuals with a positive TST, IPT is very unlikely to result in cure of LTBI, whereas rifampicin-or rifapentine-containing regimens cured between 19 and 100% of individuals.
If IPT did not cure, individuals would immediately be at risk for tuberculosis through reactivation of preexisting infections. This large pool of individuals already at risk, in combination with a high risk of reinfection, could explain the rapid bounce back in incidence observed posttherapy in IPT trials in sub-Saharan Africa.
These results contrast with the long and widely held view that a 6-9 mo course of IPT is sufficient to cure infection in most individuals (26) , although HIV-positive populations were seldom explicitly included in these discussions. Historical data on HIVnegative populations have suggested a long-term protective effect lasting years after completion of a 6-9 mo course of IPT (27, 28) , suggesting that cure was achieved. However, the short interval between therapy completion and TB disease has led to speculation that reactivation of noncured infections was responsible for some of the posttherapy disease episodes occurring in trials in HIVpositive populations (7, 29) . Our results are also consistent with the recently published findings of the Thibela study, whose authors conclude that "reactivation of inadequately treated latent tuberculosis infection" was one factor which may have contributed to the lack of effect on TB incidence in their trial of mass IPT (9), and provide additional evidence that noncure is the underlying mechanism.
Our results fit with the current understanding of the mechanism of action of both isoniazid and rifampicin. Isoniazid's main activity is bactericidal, highly effective against actively replicating bacteria (30, 31), but unlikely to completely cure a LTBI with few replicating bacteria (29) . In vitro and mouse studies have shown that rifampicin and rifapentine can sterilize (31, 32) and would therefore be expected to more often result in a cure of LTBI.
An alternative hypothesis for the lack of long-term protection in HIV-positive individuals following IPT is that isoniazid is effective in curing LTBI but in doing so removes any immunity conferred by previous infection. If this were the case, we would expect higher TB incidence rates in groups taking regimens containing drugs such as rifampicin with higher sterilizing capability. Tables 1 and 2 provide parameter values. However, this effect has not been observed in clinical trials comparing such regimens (4, 6) .
The risk of tuberculosis increases with declining CD4 count; therefore differences in CD4 count distributions between trial arms could have contributed to the differences in observed incidence. Randomization resulted in similar CD4 count distributions across arms at baseline (SI Appendix, Table S1 ), although no data were available on changes in CD4 distributions during the study. However, a difference in average CD4 counts may have been introduced through the different study periods used in this analysis. For placebo arms, data from the entire trial period were included, whereas for the intervention arms, only the posttherapy period was considered. This would have resulted in lower average CD4 counts in the intervention populations compared with the placebo arms (due to the additional time elapsed). We accounted for the potential difference in TB risk by including a time-dependent CD4 function in our model.
Competing risks of mortality, for example, through deaths from undiagnosed tuberculosis, could have biased our results. However, through randomization these risks will have been similar between study arms, and repeated screening for TB during the trial should have resulted in few unrecorded TB deaths (33) .
Drug resistance was not included in the model, and it is possible that resistance to isoniazid may partly explain the low estimated cure rate following IPT. However, estimates of primary resistance to isoniazid in HIV-infected individuals in all three trial settings were low, ranging from 3.8% in Soweto (6), 7.5% in Nairobi (34) , and 4-9% in Uganda (35, 36) , and unlikely to affect our results. A recent national drug resistance survey in Uganda found that primary isoniazid resistance has remained low at 5% (37) . It is also possible that IPT may lead to the selection of isoniazid resistance in individuals undergoing treatment; however, there appears to be no evidence of this in the included trials. In the Nairobi trial, the rate of resistance in the isoniazid arm was not statistically different from the rate in HIV-positive individuals in Kenya (5). More generally, a systematic review of IPT trials which assessed the risk of acquired resistance as a result of IPT (38) , while not excluding the possibility of an increased risk, found no statistically significant relationship between isoniazid resistance and completion of IPT.
This work was restricted to HIV-positive, TST-positive populations with no ART. With regard to TST status, there is little reason to assume that IPT would be more likely to cure in HIVpositive, TST-negative individuals, where no effect is seen during therapy (2) .
It has been suggested that ART, perhaps through immune reconstitution, would increase the proportion of latent infections cured by isoniazid (7, 29) . A recent pragmatic randomized controlled trial in South Africa examined the additional impact of IPT in patients already receiving ART (39). Although not designed or powered to detect posttherapy differences, there was weak evidence to suggest that the effect of IPT persisted during the first year posttherapy, longer than seen in previous trials comparing 6 mo of IPT with an alternative (4) (5) (6) (7) (8) . Even though this effect appeared to wane subsequently, it could suggest that posttherapy TB incidence was more likely due to rapid reinfection and progression to disease, and less due to suboptimal cure. However, despite the tremendous success of ART roll-out, access to ART for HIV-positive individuals is far from universal, and an estimated 15 out of 20 million HIV-positive individuals in sub-Saharan Africa are not yet receiving ART (40) . Initiation of ART is often at low CD4 counts, and even after years of successful ART, an increased risk of TB persists, strongly suggesting that the immune system never fully recovers (41) . In short, our results will continue to be relevant for clinical care for a large part of the HIV-positive community for the foreseeable future.
If IPT does not cure, what are the policy implications for TB/ HIV care? We suggest that this is dependent on the local epidemiological situation. In areas with high-TB-incidence settings the risk of reinfection is substantial. Even if a preventive regimen would cure LTBI, the effect would not be durable posttherapy as the risk of reinfection disease dominates. Here, continuous preventive therapy would be most appropriate, and IPT is currently the only tested candidate for this purpose (7) . If the risk of reinfection is sufficiently low, a more curative regimen, e.g., one including rifampicin or rifapentine as recently implemented in the United States (42), would be more appropriate as curing LTBI would have long-lasting benefits for patient and population. As TB control progresses, it will be key for policy makers to know when to switch between strategies.
Conclusion
Our results suggest that in HIV-positive, TST-positive individuals, IPT does not cure LTBI, whereas rifampicin-or rifapentinecontaining regimens show a stronger curative ability. In settings with ongoing high risks of M. tuberculosis reinfection, durable protection from TB will require continuous preventive therapy. Where reinfection rates are lower, preventive regimens with better curative potential may have advantages both for individuals and for populations.
